Transplantation of mesenchymal stem cells may inhibit pathological immune processes contributing to ischemia/ reperfusion (I/R) injury. This study aimed to assess the capacity of human amniotic MSC (hAMSCs) to ameliorate I/R injury in a dog model of cardiopulmonary bypass (CPB). Dissociated hAMSCs were cultured ex vivo, and their immunophenotypes were assessed by flow cytometry and immunohistochemistry. A dog model of CPB was established by surgical blockage of the aorta for 1 h. Dogs either underwent mock surgery (Sham group), CPB (model group), or CPB, followed by femoral injection of 2 × 10 7 hAMSCs (n = 6). Anti-human nuclei staining revealed hAMSCs in the lungs 3 h after surgery. Oxygen index (OI) and respiratory index (RI) of arterial blood were measured using a biochemical analyzer. Venous blood TNF-α, IL-8, MMP-9, and IL-10 concentrations were measured by ELISA. Pathological changes in the lung were assessed by light microscopy. Third-generation-cultured hAMSCs expressed high levels of CD29, CD44, CD49D, CD73, and CD166 levels, but low CD34 or CD45 amounts and their cytoplasm contained Vimentin. In CPB model animals, OI was elevated and RI reduced; TNF-α, IL-8, and MMP-9 levels were elevated, and IL-10 levels reduced within 3h (Po0.05), but hAMSC transplantation significantly ameliorated these changes (Po0.05). Pathological changes observed in the hAMSC group were significantly less severe than those in the CPB group. In conclusion, hAMSC transplantation can downregulate proinflammatory factors and reduce MMP-9 levels, whereas upregulating the anti-inflammatory molecule IL-10, thus reducing I/R lung injury in a dog model of CPB.
Cardiopulmonary bypass (CPB) is a technique used during heart surgery to maintain blood circulation and oxygenation while the heart or lungs are operated upon. The procedure involves connection of the large blood vessels to an artificial heart-lung machine using an artificial tube. Blood is withdrawn from the venous system, oxygenated outside of the body, and the oxygenated blood is then transfused back to the artery system. 1, 2 Complications of CPB often observed after surgery include post-perfusion syndrome, hemolysis, and decreased lung functions, which can be manifested in symptoms ranging from subclinical to acute respiratory distress syndrome (ARDS) or acute respiratory failure. Mortality following CPB is reported to range from 3.9 to 36.4%. [3] [4] [5] CPB-induced lung injury is thought to result from lung ischemia, reperfusion after ischemia/reperfusion (I/R) injury, and systemic inflammatory response syndrome. 6, 7 Blockage and recovery of circulation in the heart and lungs during CPB can cause endothelial damage, increase vascular permeability, and enhance recruitment or accumulation and activation of platelets and immune cells in the pulmonary circulation. [8] [9] [10] [11] Moreover, incision of the vessels and the artificial materials used in CPB can activate neutrophil granular cells, 12 further causing inflammatory factors to aggregate and damaging the lung tissues. 13 During CPB, complement activation and I/R injury can induce cytokine release, and TNF-α, IL-1, IL-6, IL-8, and IL-10 have been implicated in CPB-induced lung injury. 14 TNF-α and IL-1 synergistically activate NF-κB in immune cells to cause cytokine release, inducing migration and accumulation of polymorphonuclear leukocytes (PMN), and maintaining inflammation. 15, 16 The inflammatory reaction can directly damage vascular endothelial cells (VECs), increasing the permeability of capillaries and PMN amounts as well as the accumulation of macrophages at injury site; moreover, accumulated edema further inhibits perfusion of alveolar cells and exchange of oxygen, resulting in lung injury.
Metabolic adaptations to ischemia can induce release of reactive oxygen and nitrogen species upon reperfusion, and local and systemic immune activation involves release of protein kinases and oxidation products, including degraded metalloproteinase, elastase, and oxygen-free radicals, such as myeloperoxidase, hydrogen peroxide, and peroxide. 17, 18 These factors can cause oxidative damage to lung tissues, increasing alveolar endothelium permeability and infiltration of inflammatory cells, edema, impairing intrapulmonary shunt fraction and ventilation perfusion. Administration of anti-inflammatory molecules, including corticosteroids and serine protease inhibitor aprotinin, can reduce the lung damage resulting from CPB-induced I/R injury, [19] [20] [21] [22] [23] though the molecular mechanisms underlying CPB-induced lung injury remain unclear.
Human amnion mesenchymal cells (hAMSCs) are adult stem cells that exhibit rapid proliferation in vitro, and can be differentiated into cell types derived from all three primary germ layers of the embryo in in vitro culture. [24] [25] [26] hAMSCs express low levels of HLA-A, B, and C, but not HLA-DR; hence, they exhibit low immunogenicity, and hAMSC xenografts do not induce immune rejection. 27 hAMSCs can be isolated from the discarded placenta amnion tissues after birth, and their abundance, plasticity, and low immunogenicity have allowed them to be used in a range of clinical applications. MSC therapy has been reported to improve outcomes in animal models of acute lung I/R injury [28] [29] [30] and renal I/R injury. 31 However, the relevance of these rodent studies to the clinical use of hAMSC remains to be determined. Employing larger animal models may provide more clinically relevant data. Anatomical structures and physiological functions of dogs are more similar to those of the human, and models of surgery can be more accurately recreated in these model animals. In this study, we examined the effects of venous transplantation of hAMSCs on inflammation and lung damage in a model of I/R lung injury after CPB. Our findings provide further experimental and theoretical evidence for the role of hAMSCs in the treatment of I/R-induced lung injury after CPB.
MATERIALS AND METHODS
Dissociation and Primary Culture of hAMSCs hAMSCs were collected from fresh placenta specimens of full-term pregnancies delivered by cesarean section. Placenta samples were donated by pregnant women or their relatives, and ethical approval of this study was obtained from the ethics committee of Affiliated Hospital of Zunyi Medical College. Patients infected with HBV, HCV, HIV, or syphilis were excluded. Under sterile conditions, blood clots were removed by rinsing with D-Hanks solution, and mucus was removed by scraping with a sterilized glass slide. The amniotic membrane was processed into small pieces, stored in D-Hanks solution at 4°C and used for experiments within 2 h. The amniotic membrane was shaken with a twofold excess of trypsin solution (0.05% trysin-0.02% EDTA-2Na, Biyuntian Company, Beijing, China) at 200 rpm and 37°C for 15 min; the supernatant was discarded, and the procedure was repeated twice with incubations of 20 and 25 min, respectively. The resultant amniotic membrane was rinsed in D-Hanks solution two or three times, and shaken with a twofold excess of 0.75 mg/ml type 2 collagenase containing 0.075 mg/ml DNase I (Worthington, NJ, USA) for 1.5-2 h. Then, the solution was filtered through 300 steel mesh. To terminate tissue digestion, LG-DMEM (Gibco, New York, NY, USA) containing 10% fetal bovine serum (FBS) and an equal volume of filtrate were combined, and centrifuged at 2000 rpm for 10 min. The supernatant was discarded and the precipitated cells were cultured in suspension in complete LG-DMEM at 2.0 × 105 cells/cm 2 in a 25 cm 2 flask at 37 ºC, 5% CO 2 , and saturated humidity. After 48 h, culture medium and non-adherent cells were discarded, fresh medium was added. Cell growth was observed under an inverted phase contrast microscope (IX-71-S8F, Olympus, Japan).
Subculture
When primary culture of hAMSCs reached 70~80% confluence, the culture medium was discarded, and cells were rinsed with D-PBS (Gibco) three times. Cells were digested in 1-2 ml 0.125% trypsin-0.02% sodium EDTA at 37°C for 3 min. Digestion was monitored by light microscopy, and when cells shrunk and were rounded, an equal volume of LG-DMEM containing 10% (FBS, Gibco) was immediately added to stop digestion. Digested cells were centrifuged at 1000 rpm for 10 min, and the supernatant was discarded. Pelleted cells were resuspended and cultured at 37 ºC, 5% CO 2 , and saturated humidity in complete LG-DMEM containing 10% FBS, seeded at 1.0 × 10 5 cells /cm 2 in a 25 cm 2 flask.
Phenotype Verification
Third generation hAMSCs were digested and collected and rinsed in D-PBS, and cell density was adjusted to 1.5 × 10 6 cells/ml. Cell suspension (100 μl) was labeled with 10 μl fluorescent-conjugated antibodies directed toward CD19, CD29, CD34, CD44, CD45, CD73, CD80, CD86, and CD166, or isotype controls (BD, NJ, USA) in the dark at room temperature for 25 min. After rinsing in 2 ml PBS containing 0.1% FBS, cells were centrifuged at 1000 rpm for 5 min; supernatant was discarded, and cells were resuspended in 200 μl 1% paraformaldehyde (PFA) and stored in the dark at 2~8 ºC. Staining was detected within 24 h using FACS Calibur (BD), and analyzed by the Cell Quest software (BD).
Immunochemistry
Cellular content of vimentin in third-generation hAMSCs was assessed by immunochemistry. Sections were rinsed with PBS three times, fixed in 4% PFA for 10 min, and rinsed again in PBS three times. 0.3% Triton-X100 was added to each slide, which were rinsed with PBS and blocked in normal goat serum blocking solution at room temperature for 30 min. Slides were then incubated with mouse monoclonal antihuman vimentin protein antibody (Sigma, USA, 1:100) at 4°C overnight, then rinsed three times, and incubated for 30 min with secondary antibody conjugated to HRP (PowerVision poly-HRP-Anti-Mouse IgG, ImmunoLogic) at 37°C. After rinsing three times in PBS, 3,3'-diaminobenzidine was added for~3-5 min, and sections stained with hematoxylin for 3 min. After rinsing with tap water and dehydration, slides were mounted, and images were acquired. Vimentin signals within the cytoplasm appeared as brown granules.
Animals and Grouping
Healthy female hybrid dogs (n = 18) weighting 12.6 ± 2.5 kg were provided by the experimental animal center of Zunyi Medical University. Dogs were housed with free access to food and water for 1 week prior to experiments, then fasted for 8 h and deprived of water for 4 h. According to the rank sum test table method, dogs were divided into three groups of six animals: the Sham, CPB, and CPB+hAMSC groups. Animal experiments were approved by the Ethics and Animal Care Committee of the Affiliated Hospital of Zunyi Medical College.
Establishment of the CPB Model and hAMSC Transplantation
The CPB model was established as previously described. 32 Dogs were anesthetized by intraperitoneal injection of 2.5% phenobarbital (25 mg/kg) and placed in the supine position. Mechanical ventilation was established by endotracheal intubation. An incision was made at the midline of the sternum; the pleural membrane was opened and the aorta separated. A cannula was inserted through a purse-string suture made at the root of the aorta (4 mm), and a cannula (36 Fr) was inserted in the right auricle. Simultaneously, a cannula was inserted into the femoral vein. In the sham group, the CPB model was established without blockage of the aorta. In the hAMSC group, the CPB model was established, including blockage of the aorta for 1h; 15 min after aorta opening, 1 ml of a single-cell suspension of hAMSCs (passage 3) in normal saline (2 × 10 7 /ml) was injected into the femoral vein. In the CPB group, the aorta was blocked for 1h, and 15 min after aorta opening, normal saline was injected in place of the hAMSC suspension. Infusion of 2 × 10 7 stem cells was recently reported to improve Crohn's fistula in a small phase I clinical trial. 33 Sample Collection For calculation of the oxygen index (OI) and respiratory index (RI), 2 ml of arterial blood was withdrawn from each animal before surgery (T1), and at 15 min (T2), 1 h (T3), 2 h (T4), and 3 h (T5) after aorta opening. In addition, 8 ml venous blood was withdrawn at the same time points, and plasma levels of TNF-α, matrix metalloproteinase (MMP-9), IL-8, and IL-10 were assessed by ELISA. After T5, animals were killed, right lung tissues were dissected and pathological changes in the lungs were assessed by light microscopy.
Assessment of Lung Injury
Lung tissues were fixed in 10% PFA, dehydrated, embedded in paraffin, and cut into 5 μm sections. Xylene was used for deparaffinization, and H&E staining was performed. Semi-quantitative scoring of bleeding, edema, and inflammation of lung tissues was performed under high magnification (×400), using the Mayor and Osman score standard. 34, 35 Assessment of hAMSC Localization in Lungs Lung tissues were harvested and fixed in 10% neutral buffer formalin. Immunohistochemical staining was performed as previously described. 36, 37 The slices were stained with mouse anti-human nuclei (Catalog No. MAB1281, Merck Millipore). Images were captured with a Nikon Eclipse FN2 microscope equipped with the MetaMorph software.
Measurement of Oxygenation and RIs
OI and RI were assessed using an automatic blood gas analyzer ( 
ELISA
Blood was collected in pyrogen-free and non-endogenous toxin test tubes to avoid stimulation of cells during preparation, and centrifuged at 3000 rpm for 10 min. Supernatant serum was collected and frozen at − 20°C, and supernatant concentrations of TNF-α, IL-8, IL-10, and MMP-9 were assessed by specific kits (Beijing North institute of Biological Technology).
Statistical Analysis
The SPSS16.0 software was used for all statistical analyzes. Quantitative data were expressed as mean ± s.d. One-way analysis of variance and Tukey's post hoc test was employed for comparison among groups. Po0.05 was considered statistically significant.
RESULTS

Morphological Features of hAMSCs
Cultured hAMSCs adhered to culture flasks after 48 h of primary culture. Cellular morphology ranged from polygonal to spindle-shaped, or even star-shaped (Figures 1a and c) . After passage for 3-5 generations, tightly packed hAMSCs adopted a fiber-like shape, and cells grew a cell monolayer with a swirled pattern (Figures 1b and d) .
hAMSC Phenotype Verification and Vimentin Expression
Immunostaining of second-, third-, and fourth-generation hAMSCs revealed high levels of CD29, CD44, CD49D, CD73, and CD166, but low-to-no CD34 or CD45 expression ( Figure 2 and Table 1 ). Expression levels of CD29, CD44, CD49D, CD73, and CD166 increased between passages 2 and 4. By passage 4, 80.8 ± 13.7%, 86.6 ± 4.8%, 93.0 ± 2.0%, 97.4 ± 0.7%, and 98.0 ± 0.5% of hAMSCs were CD29+, CD49D+, CD166+, CD44+, and CD73+, respectively. Immunohistochemistry of third-generation hAMSCs revealed cytoplasmic vimentin ( Figure 3 ).
hAMSC Transplantation Improves Pathology of the Damaged Lung in Dogs Subjected to CPB I/R A model of CPB was established in dogs, as previously described, 32 by surgical blockage of the aorta for 1 h. Dogs either underwent mock surgery (sham group), CPB (model group) or CPB followed by femoral injection of 2 × 10 7 hAMSCs (CPB+hAMSC group). In comparison with the sham group, alveolar septum in the model group was significantly widened, and dilation and congestion of the capillaries, leakage of red blood cells, and infiltration of neutrophil granular cells were observed in the lung interstitial tissue (Figures 3d and f) . In the hAMSC group, these pathological changes were markedly less severe than those observed in the model group, and reduced leakage of red blood cells, infiltration of neutrophil granular cells, and dilation and congestion of capillaries were observed in the lung interstitial tissue ( Figure 3 ). Lung injury index did not differ significantly between the three groups before CPB (P40.05). However, lung injury indexes of the CPB and CPB+hAMSC groups were hAMSCs alleviate lung injury induced by I/R Y Qiang et al significantly higher than that of the sham group 1, 2, and 3 h after aorta opening (Po0.05, Po0.01, and Po0.01, respectively). Interestingly, lung injury indexes in the CPB+hAMSC group were significantly lower than the values obtained for the CPB group, 1, 2, and 3h after hAMSC transplantation (Po0.05, Po0.01, and Po0.01, respectively) ( Figure 3g and Table 2 Po0.01. Compared with the results at T1 in the same group, e Po0.05, f Po0.01 before surgery (T1), and at 15 min (T2), 1 h (T3), 2 h (T4), and 3h (T5) after aorta opening.
hAMSC Transplantation Improves OI and RI in Dogs with CPB-induced I/R Injury In model animals, OI values were significantly reduced 15 min, 1 h, 2 h, and 3 h after aorta opening (Po0.01). Interestingly, OI values were significantly higher in the hAMSC group compared with model group animals at 2 and 3h after hAMSC transplantation (Po0.05 and Po0.01, respectively; Figure 4a) . RI values were significantly increased in model animals at 2 and 3 h after aorta opening (Po0.05 and Po0.01, respectively), but the RI values were significantly lower in hAMSC group animals than the model group at 1, 2, and 3 h after hAMSC transplantation (Po0.05, Po0.01, and Po0.01, respectively; Figure 4b ). Serum IL-10 levels were lower in model group animals than the sham group 15 min after CPB-induced I/R injury, and decreased further at 1, 2, and 3 h (Po0.05 or Po0.01). However, these changes were somewhat ameliorated in hAMSC group animals at 1, 2, and 3 h (Po0.05, Po0.01, and Po0.01, respectively; Figure 5c ). Circulating levels of MMP-9 were higher in model animals than in the sham group at 15 min, 1 h, and 2 h after aorta opening (Po0.05 or Po0.01), peaking at 15 min. However, there was no significant difference in circulating levels of MMP-9 between model and naive animals after 3 h (P40.05). Circulating levels of MMP-9 were significantly lower in the hAMSC group than the model group 15 min and 1h after hAMSC transplantation (Po0.05); however, no statistically significant differences were observed at later time points (P40.05; Figure 5d ).
Human Nuclei Immunostaining Reveals Localization of hAMSCs in the Lung
In order to confirm the localization of hAMSCs after transplantation in dogs, we used human nuclei antibody to stain the lung tissues from sham (negative control) and CPB+hAMSC group animals 3 h after hAMSC transplantation. We detected abundant human nuclei-positive hAMSCs in lung hAMSCs alleviate lung injury induced by I/R Y Qiang et al tissues from CPB+hAMSC animals 3 h after injection of hAMSC into the femoral vein (indicated by red arrows in Figure 6b ); however, no human nuclei staining signals were observed in sham group lung tissues (Figure 6a ). These results indicated that the transplanted hAMSCs were recruited to injured regions of the lung after CPB.
DISCUSSION
In this study, we examined the effects of venous transplantation of hAMSCs on inflammation and lung damage in a model of I/R lung injury after CPB. hAMSCs were isolated from human amniotic membrane by enzymatic digestion, and primary and passaged hAMSCs were cultured ex vivo. Cultured hAMSCs were adherent and expressed MSCs markers (CD29, CD44, CD49D, CD73, and CD166) and cytoplasmic vimentin. These cultured hAMSCs thus met the standard criteria of the International Society for Cellular Therapy for MSCs. We transplanted these highly purified hAMSCs into dogs after CPB establishment, and examined the effect of this therapy on I/R lung injury. The hAMSCs appeared to localize to the lungs, as indicated by human nuclei staining, within 3 h of injection into the femoral vein. These findings are consistent with previous reports. [38] [39] [40] In agreement, intratracheal transplantation of hAMSCs was reported to efficiently attenuate lung injury in a rat model of hyperoxic lung injury in newborn rats. 39 As cytokines are the main endogenous mediators of I/R injury, we measured circulating levels of the proinflammatory cytokines TNF-α and IL-8 in these animals. TNF-α is released during inflammation and mediates tissue injury by enhancing the activity of mononuclear cells and macrophages, and increasing the expression of cell adhesive factors. IL-8 induces accumulation of white blood cells in inflammatory tissues. In contrast, IL-10 inhibits transcription of proinflammatory cytokines, such as TNF-α, IL-1, IL-6, and IL-8, and intercellular adhesion molecule 1, and reduces white blood cell adhesion to VECs in the lung, consequently reducing I/R lung injury. Karlsson et al. 41 demonstrated that hAMSCs mediate immuno-regulatory effects through cytokine secretion. In this study, serum levels of the proinflammatory cytokines TNF-α and IL-8 were significantly increased during CPB and 15 min, 1 h, 2 h, and 3 h after I/R injury, whereas serum levels of IL-10 started to decrease 15 min after CPB-induced I/R injury, and dropped further in the following 3 h. These findings indicate that CPB and I/R injury disrupt the normal balance between these cytokines, initiating an early inflammatory reaction and inducing PMN accumulation, and consequently inducing lung tissue damage. Venous transplantation of hAMSCs significantly reduced serum levels of TNF-α and IL-8 at 15 min, 1 h, 2 h, and 3 h after I/R injury, and markedly increased serum levels of IL-10. These results indicate that venous transplantation of hAMSCs reduces the release of proinflammatory factors in response to injury, alleviating inflammation in the damaged lung.
MMPs are endogenous proteinases that can lyse many extracellular matrix proteins such as collagen, elastin, and glucosamine. MMP-9 is mainly derived from inflammatory cells such as PMN, mononuclear phagocytes, and lymphocytes; it is released as plasminogen and activated through the proteolysis cascade. [42] [43] [44] [45] MMP-9 can degrade alveolar capillary basement membrane, increasing capillary permeability, leading to acute lung injury, or even ARDS. 46 In this study, we found that MMP-9 levels were significantly increased 15 min, 1 h, and 2 h after I/R injury, peaking at 15 min after aorta opening, but no significant difference was observed in the following 3 h. Eichler et al. 47 reported a positive correlation between the MMP-9 level in the bronchoalveolar lavage fluid and increased post-surgery alveolar-arterial gradient in pigs subjected to CPB, and it is believed that high MMP levels in the lung are associated with the development of ALI after CPB. In this study assessing immediate venous hAMSC transplantation after CPB-induced hAMSCs alleviate lung injury induced by I/R Y Qiang et al I/R injury, we demonstrated that hAMSCs could reduce MMP-9 levels during the early phase of CPB. These observations suggest that hAMSCs reduce capillary permeability, and thus intrapulmonary shunt and hypoxia through inhibition of MMP-9, reducing CPB-induced I/R injury. Owing to hAMSC localization to the lung, these effects may be mediated by a paracrine mechanism.
In summary, venous transplantation of hAMSCs can significantly alleviate lung injury induced by I/R after CPB in dogs. The therapeutic effects of hAMSCs are associated with downregulation of the proinflammatory factors TNF-α and IL-8, reduced MMP-9 levels, and upregulation of the anti-inflammatory factor IL-10. Although our study demonstrated the treatment value and significance of hAMSCs in CPB-induced I/R injury, the mechanisms underlying lung injury induced by CPB and I/R injury are very complex, and the regulatory networks involved need to be further investigated.
